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The photochromic property of bacteriorhodopsin films is exploited in the application of a focusing wavelengths.
In addition to facilitating system setup and alignment, a real-time film also allows adaptation in that the source-and cutoff-grid patterns may be changed at will to vary orientation or absolute sensitivity. It may even permit use of an unstructured scene as a grid that varies over time, as the cutoff grid could be easily updated to keep up with a changing source grid.
B. Bacteriorhodopsin Films
BR is a protein molecule found in the photosynthetic system of a salt-marsh bacterium called Halobacterium salinarium.
The BR molecule is located in a cell membrane commonly called the purple membrane. To the bacterium, BR is important in an oxygendeficient environment, as the BR molecules function as light-driven proton pumps that transport protons across the cell membrane. This creates a proton gradient, which in turn generates an electrochemical potential used by the organism to synthesize adenosine triphosphate.
Effectively, BR is used by the bacterium to convert sunlight directly into chemical energy.
The absorption of light also initiates a photocycle in the BR molecule in addition to the transportation of protons.
The characteristics and effects of this photocycle make it a potentially useful material as an optically addressed spatial light modulator. This is especially true because the photocycle continues to function after the BR material is extracted in the form of two-dimensional crystalline sheets of purple membrane and suspended in various solutions for the preparation of films.
A schematic diagram of the BR photocycle is shown in Fig. 2 .
In the dark the molecule is initially in the bR state, which has an absorption spectrum peaked at -570 nm. diameter.
The film thickness is~100 _tm, and the optical density of the film in the bR state at the peak wavelength of the absorption spectrum is 4.5.
C. Schlieren Techniques with Bacteriorhodopsin
The proposed focusing schlieren system using bacteriorhodopsin is thus very similar to the general type shown in Fig. 1 with the exception that a BR film is placed in the system at the location of the cutoff grid. There are two basic methods whereby one can create a cutoff grid and then perform the schlieren test. In both cases we need light at two wavelengths or bands, either from two different sources or obtained by use of spectral filters with a broadband white-light source.
The two bands required are in the yel- to the readout with yellow light, and the system will behave as a focusing schlieren optical system.
Experiments and Results
To perform demonstration experiments of a focusing schlieren system with a BR film as an adaptive cutoff grid, I used an argon laser (h = 514.5 nm) and a He-Cd laser (h = 442 nm) as the two light sources that fall within the absorption spectra of the bR state and the M state, respectively. These choices were made for reasons of availability and laser power. The wavelengths are not at the peaks of the absorption spectra, but as noted earlier, this is not an impediment.
Given these two light sources, the first step in designing the system was to decide on one of the two methods just discussed, i.e., which source to use to record the cutoff grid and which to use for readout during the schlieren testing. The important information for making this decision is obtained by observation of the transmission-level contrast experienced by each of the two wavelengths between material in the bR and M states. Therefore the first experiment was to perform these measurements.
A. Contrast Measurements
The light-transmission characteristics of the D96N/T46V film at both wavelengths were measured experimentally with a strong bleach, or write, beam and weak read beams whose intensities were small enough that they would not significantly contribute to the photoconversion and thus not affect the transmission measurements. A schematic of the experimental setup is shown in Fig. 3 we are mainly interested in the contrast in transmission between the ground bR state and the M state, or even more importantly, the mixed population that is found sometime after the writing beam is turned off.
Consider first the curve in Fig. 4(a) On the other hand, the data in Fig. 4(b 
where fis the focal length of the lens. The grid used in the schlieren system is horizontal, and thus only refraction in the y direction will allow light to pass through the transmissive areas in the cutoff grid. Because t(x, y) in Eq. (1) is a separable function, we should expect that the schlieren pattern is constant in the x direction and varies only in the y direction. The observed schlieren pattern is shown in Fig. 7 . The central dark band corresponds to the central part of the lens, for which y = 0, and thus no y refraction occurs and the light is blocked at the BR-film plane. The first light bands on either side correspond to those same regions of the lens, which provide just enough refraction to deviate the light passing through them to displace its position at the BR-film plane by half of a grating period, i.e. from an opaque line to a transmissive line. Similarly, the next dark bands correspond to a displacement at the cutoff grid of one full period, and so on.
The image agrees with what we would expect from a focusing schlieren system. The speckled nature of the image, of course, results from our use of a coherent laser during readout that has passed through the rough diffuser. I then tested two more realistic objects using the same BR schlieren system. The first was a small low-velocity air jet. The image obtained from this test is shown in Fig. 8 , in which the stream is clearly visible emanating from the nozzle against the dark background.
Although it is not shown here, I also tested the air jet when it was pointed in the vertical direction.
In this case the jet was virtually invisible, indicating that the flow is quite smooth and acts to refract light only perpendicular to the flow (in the y direction in Fig. 8) and not in the direction of the flow (in the x direction in Fig. 8 ).
The second test object was a small clear plastic plate under stress shown in Fig. 9 .
It shows up quite clearly, and the stress distribution in the y direction can be discerned very easily by the light pattern, especially evident in the lower right-hand corner of the plate.
Discussion
I have demonstrated the application ofbacteriorhodopsin films to an adaptive focusing schlieren optical system for the visualization of refractive-index variations.
In the experiments I used a film made from the D96N/T46V BR variant because of the significantly extended image lifetime of this variant. The technique employed here was first to bleach the entire film with green/yellow light, then write the cutoff grid in the film with a strong blue source, and then read out with a green source so that the cutoff grid was the negative of the green image of the source grid. Thisapproach waschosen because ofthesignificantly highercontrast experienced bythegreenwavelength in comparison to a blue readoutbeam. The BR schlieren systemoffersseveral potentialadvantages with respect to previousfocusing schlieren systems. The first is easeof alignment, as the cutoffgrid is developed in situ in real time in the BR film. In comparison, a conventional photographic film used to create the cutoff grid must be removed for development and then carefully replaced back in the optical system in precisely the same position as when exposed. The second and more important advantage is the potential for adaptivity. Because the cutoff grid written in the BR film can be erased and rerecorded at will, one can easily change the source grid and correspondingly write a new cutoff grid to accommodate system changes such as absolute sensitivity (changing the grating period) or sensitivity orientation (changing the orientation of the source grid) or both.
These adaptations could be performed as quickly as one could change the source grid and would not require any system downtime to accomplish. One can even envision encoding the source grid on an electrially addressed spatial light modulator, which would facilitate very fast change rates. On the other hand, these are also some disadvantages and limitations to the proposed BR system. The main one is that it requires two sources corresponding to the absorption spectra of the bR and M sta_es of the bacteriorhodopsin photocycle: one in the yellow/' green and one in the blue, respectively. In my proof-of-concept experiments I used an argonion laser at 514.5 nm and a He-Cd laser at 442 nm.
Although this type of setup may be acceptable for some situations, one would probably prefer to use a broadband white-Right source and interchangeable yellow and blue bandpass filters so as to require only one source and to avoid speckle effects in the schlieren images.
I attempted such an implementation experimentally but was unsuccessful for a couple of reasons. For the second approach cbleach uniformly, write the cutoffgrid with blue light, readout with green/yellow light) I found that the available white-light sources simply did not have sufficient power in the blue portion of the spectrum to photoconvert the BR molecules
